Abstract
In this study, the genetic diversity of Populus cathayana Rehd was investigated using microsatellite markers. In a total of 150 individuals collected from six natural populations in the southeastern part of the Qinghai-Tibetan Plateau in China, a high level of microsatellite polymorphism was detected. At the seven investigated microsatellite loci, the number of alleles per locus ranged from 5 to 16, with a mean of 11.3, the observed heterozygosities across populations ranged from 0.408 to 0.986, with a mean of 0.792, and the expected heterozygosities across populations ranged from 0.511 to 0.891, with a mean of 0.802. The proportion of genetic differentiation among populations accounted for 37.3 % of the whole genetic diversity. The presence of such a high level of genetic diversity could be attributed to the features of the species and the habitats where the sampled populations occur: The southeastern part of the Qinghai-Tibetan Plateau is regarded as the natural distribution and variation center of the genus Populus in China. Variation in environmental conditions and selection pressures in different populations, and topographic dispersal barriers could be factors associated with the high level of genetic differentiation found among populations. The populations possessed significant heterozygosity excesses, which may be due to extensive population mixing at the local scale. The cluster analysis showed that the populations are not strictly grouped according to their geographic distances but the habitat characteristics also influence the divergence pattern. In addition, we suggest that population SHY should be regarded as an ecologically divergent species of P. cathayana.
Introduction
The Qinghai-Tibetan Plateau is the largest and highest plateau of the world, located in southwestern China. Due to its unique geographical and geological historical factors, variable terrain and complex climatic conditions, the Qinghai-Tibetan Plateau, especially its southern and eastern mountain areas, has abundant and special resources of the genus Populus, and it is regarded as the natural distribution and variation center of genus Populus in China (WEISGERBER and HAN, 2001; YU, 2003) . Many Populus species, mainly of Sect. Tacamahaca Spach, occur in the mountains and canyon belts between the plateau and plain at altitudes varying between 1,500-4,300 m above sea level. Most native species of this section have strong resistance against stressful environments, and they are used as important genetic resources for plantation and breeding work in Populus. On the other hand, because a number of foreign species have been introduced to China and planted extensively during recent decades, the native species face a serious decline in their distribution areas and a risk of genetic resources becoming poor and narrow.
Population Genetic
P. cathayana Rehd is a native species of China and it belongs to Sect. Tacamahaca Spach. It mainly occurs in the northern, southwestern and central parts of China and possesses a large geographic range. The different habitats, complex climatic conditions and variable selection pressures may have led to considerable genetic differentiation. Taxonomical, morphological and physiological studies on P. cathayana have been conducted (YANG et al., 1996; SU et al., 1998; GAO et al., 2004) . However, very little information is available on the genetic diversity of this species based on molecular marker techniques.
Microsatellite markers, or simple sequence repeats (SSRs) (BECKMANN and SOLLER, 1990; SMITH and DEVEY, 1994; ECHT et al., 1996) , derived from the non-coding region of the genome, are co-dominant markers. They have contributed considerably towards the knowledge of the genome structure, function and evolution in forest trees (AHUJA, 2001) . Recently, several microsatellite markers have been developed for the genus Populus (DAYAMANDAN et al., 1998; RAHMAN et al., 2000; VAN DER SCHOOT et al., 2000; SMULDERS et al., 2001) , and they have been applied to studies on individual identification, genetic linkage map construction, genetic diversity of natural or breeding populations, gene flow, pollen or seed dispersal and mating systems (RAHMAN and RAJORA, 2002; IMBERT and LEFÈVRE, 2003; RAJORA and RAHMAN, 2003; TABBENER and COTTRELL, 2003) . Reliable information on the distribution of genetic variation is a prerequisite for sound selection, breeding and conservation programs in forest trees, such as P. cathayana.
In the present study, seven primer pairs were used to investigate the level and distribution of genetic diversity in six populations of P. cathayana originating from their natural range in southwestern China. This work provides a deep insight into the genetic variability and population genetic structure of P. cathayana, and it also produces valuable informations for further conservation and breeding programs in P. cathayana.
Materials and Methods

Plant materials
A total of 150 individuals from six natural populations of P. cathayana were collected from the southern and eastern parts of the Qinghai-Tibetan Plateau. The six sampled populations, three populations (SHY, JZ, PW) from the Sichuan province, two populations (QHY, LD) from the Qinghai province and one (TS) from the Gansu province, represent the major areas of natural resources for P. cathayana in China (Fig. 1) . The locations of the populations, and the ecological and geographical parameters are shown in Table 1 . For each population, individual cuttings, separated by a distance of more than 50 m in order to retain individual independence, were sampled during winter 2003, and all collected cuttings were transferred and planted in a stool bed at the Maoxian Field Ecological Station.
DNA extraction
Current-year leaves were collected, and DNA was extracted using 0.5 g of leaf material from each individual following the procedure described by CASTIGLIONE et al. (1993) . Approximate DNA concentrations were estimated on agarose gels using a DNA standard and ethidium bromide staining (MANIATIS et al., 1982) . The total DNA was diluted to a concentration of about 20 ng µl -1 with the buffer TE (Tris-HCl pH 8.0 and 0.1 mM EDTA pH 8.0).
PCR amplification and electrophoresis
Fourteen WPMS SSR primer pairs (WPMS03, WPMS04, WPMS05, WPMS06, WPMS07 WPMS08, WPMS09, WPMS10, WPMS12, WPMS14, WPMS15, Table 1 . SCHOOT et al., 2000; SMULDERS et al., 2001) , were first tested. Seven primer pairs (WPMS03, WPMS05, WPMS07, WPMS10, WPMS12, WPMS14 and WPMS18) were found to produce clear, easily scorable DNA bands, and they were used for all further experiments. The PCR reactions were based on the protocols developed by VAN DER SCHOOT et al. (2000) and SMUL-DERS et al. (2001) . Amplification reactions were performed in a volume of 25 µl containing reaction buffer, 150 µM of dNTP (Promega USA), 0.4 µM of each primer, 1.5 U of Taq polymerase (TaKaRa), 20-40 ng of genomic DNA. Two different thermal profiles were used in PCR. The first program, named Normal Program (NP), included the following steps: 94°C for 3 min, 1 cycle; 94°C for 5 s, the annealing temperature (the annealing temperatures for each specific primer pairs are given in Table 2 ) for 15 s, 72°C for 60 s, 35 cycles; 72°C for 10 min, 1 cycle. The second program, named Long Program (LP), was as follows: 94°C for 3 min, 1 cycle; 94°C for 45 s, the annealing temperature for 45 s, 72°C for 105 s, 35 cycles; 72°C for 10 min, 1 cycle. The amplified PCR products were separated on 8 % w/v non-denaturing polyacrylamide gels. The electrophoresed gels were silver-stained to visualize the DNA bands. In all cases, PCR reactions were performed at least twice in order to ensure that the absence of any DNA bands was real and not a failed reaction.
Statistical analysis
The DNA fragments amplified by microsatellite primers were scored as alleles on the basis of size comparison with external standards using the Gel Doc 1000™ image analysis system (Biorad USA). The data were entered in the form of single-individual genotypes, following the specifications of the population genetic software package POPGENE, program version 1.32. Standard population genetic parameters were assessed in terms of observed number of alleles per locus (N a ), mean number of alleles per locus, effective number of alleles per locus (N e ), observed heterozygosity (H o ) and expected heterozygosity (H e ). Departures from the Hardy-Weinberg (H-W) equilibrium were assessed for each locus in each population, and per locus across all populations using the F-statistics of WRIGHT (1978) . The significance of the deviation was evaluated with a chisquare test, as described by Workman and Niswander (1970) .
The genetic structures were further investigated using NEI's (1978) analysis. The proportion of the total genetic differentiation found among populations (G ST ) was calculated from G ST = D ST / H T . Gene flow (Nm) was estimated from Nm = 0.25(1-F ST ) /F ST . NEI's (1978) unbiased genetic distances were calculated for all population pairs and used to construct a phylogenetic tree (UPGMA), and the bootstrap support values for the phylogenetic tree were computed by PHYLIP 3.6 (FELSEN-STEIN, 2004 ).
Results
Microsatellite DNA polymorphism
The loci WPMS03, WPMS05, WPMS07, WPMS10 and WPMS 12 contained dinucleotide repeats while the loci WPMS14 and WPMS18 were composed of trinucleotide repeats. All seven assayed loci expressed simple-locus patterns and they were all polymorphic in P. cathayana. A summary of the loci and genetic diversity parameters are given in Table 2 . A total of 79 alleles were identified in the six P. cathayana populations, with the number of alleles per locus ranging from 5 at WPMS18 to 16 at WPMS05. The mean number of alleles across all loci equaled 11.3, and the mean effective number of alleles A high level of heterozygosity was detected at all loci ( Table 2 ). The observed heterozygosity varied from 0.408 at locus WPMS18 up to 0.986 at WPMS07, the expected heterozygosity varied from 0.511 at locus WPMS18 up to 0.891 at WPMS05, and the mean observed and expected heterozygosities equaled 0.792 and 0.802, respectively.
Genotypic structure and departures from HardyWeinberg equilibrium
WRIGHT's (1978) fixation index (F IS ) was used to measure the deficiency (F IS > 0) or excess (F IS < 0) of heterozygosity. In individual population, the tests for departures from the Hardy-Weinberg equilibrium showed significant deviations at most loci, except in populations TS and PW. In a total of 38 tests, significant departures from the Hardy-Weinberg equilibrium were observed in 76.3 %, of the cases primarily due to heterozygote excesses.
F statistics across the six populations for each microsatellite locus are given in Table 3 . The overall inbreeding coefficient F IT , with a mean value of 0.042, showed a slight deficiency of heterozygosity across the whole sample of P. cathayana, whereas all loci contained an obvious excess of heterozygosity within population, with a mean F IS value of -0.537. All populations of P. cathayana indicated strong genetic differentiation among populations, as shown by the F ST value of 0.376.
Genetic variation within and among populations
The statistics of genetic diversity within and among populations is presented in Table 4 . A high level of genetic variation at the microsatellite loci was observed within populations, with an average of N a = 3.167 and of N e = 2.389. The percentage of polymorphic loci (P) was 100 % for all sampled population, except for population LD (57.1%). The observed heterozygosity (H o ), ranging from 0.556 to 1.000 (average 0.771), was clearly higher than the expected heterozygosity (H e ), ranging from 0.291 to 0.622 (average 0.512).
The distribution of the total number of alleles among populations was uneven. Most of the alleles were shared by few populations, whereas a small number of alleles were common to the majority of the populations. NEI's genetic diversity parameters (H T , H S , D ST and G ST ) are presented in Table 5 . The total genetic diversity in the species was very high (H T = 0.799), and the value of genetic diversity within populations equaled 0.501 (H S = 0.501). Most of the total genetic diversity was present within populations, and 37.3 % of the total genetic diversity existed among populations (G ST = 0.373). The hierarchical coefficient F ST (Table 4) , estimated according to WRIGHT (1978) , ranged from 0.294 to 0.568 with an average of 0.376, a value very similar to NEI's G ST value (G ST = 0.373). It follows that there are high levels of differentiation present among populations of P. cathayana. In addition, gene flow (Nm) ( Table 4) between pairs of populations is relatively low, ranging 
Populations genetic relationships
The extent of divergence between populations was determined by calculating genetic distances (D) ( Table  6 ). For population pairs, the genetic distances (D) ranged from 0.3487 to 0.9453 with the mean value equaling 0.6688. A UPGMA dendrogram, based on the genetic distances, was constructed to graphically visualize the genetic relationships among the populations (Fig. 2) . The six populations were separated into three major groups: the first group consisted of populations TS, PW and JZ, the second group consisted of populations QHY and LD, while population SHY was distinct from the others and clustered alone as a separate group.
Discussion
In the southeastern part of the Qinghai-Tibetan Plateau of China, the abundant genetic resources of Populus are mainly attributable to specific geological and ecological factors present in the region and to the biological properties of the genus. As a part of the Qinghai-Tibetan Plateau, the intersecting mountains were formed during the geological period when the QinghaiTibetan ground gradually rose and collided between the Qinghai-Tibetan continent and the Sichuan and Huadong continent. The intersecting mountains, running from south to north, provided a superior shelter for plants during the fourth ice age. Therefore, abundant species, including many presently rare and endangered species have been preserved in this region. During the long evolutionary process, changes in distributions and adaptations to the harsh conditions have taken place (YU et al., 2003; WANG et al., 2005) . Previous studies have showed that geographical isolation, complex and variable climate conditions are the main factors contributing to the genetic composition of plant populations (GEHRING and LINHART, 1992; STRAUS et al., 1992; YEH et al., 1995) . The populations of P. cathayana occur in disjunctive mountain areas with a large geographic range of vertical altitude. Consequently, the species has been exposed to a range of conditions, which have influenced the pattern of genetic diversity.
In this study, seven microsatellite loci were investigated in samples of P. cathayana representing six populations occurring in the Qinghai-Tibetan Plateau of China. A total of 79 alleles were identified (a mean of 11.3 alleles per locus), and the mean expected heterozygosity was found to equal 0.802. These results show that the Table 5 . -The total genetic diversity (H T ), the genetic diversity within populations (H S ), the genetic diversity among populations (D ST ) and the proportion of genetic differentiation among populations (G ST ) (Unbiased measurements, NEI, 1978) . Peng et.al.·Silvae Genetica (2005) level of genetic diversity present in the populations of P. cathayana is high. The genetic diversity detected in our study based on the use of microsatellite markers is significantly higher than that previously observed in the genus Populus, based on allozyme markers (RAJORA et al., 1991; LUND et al., 1992; STEVEN et al., 1992; LEGION-NET and LEFÈVRE, 1996) , and on RAPD and AFLP markers (WINFIELD et al., 1998; RAJORA and RAHMAN, 2003) .
The spatial and temporal distribution of alleles and genotypes forms the genetic structure of a population (LOVELESS and HAMRICK, 1984) . In the present study, the Hardy-Weinberg exact tests conducted for all loci and populations revealed significant heterozygosity excesses. Such excesses of heterozygosity within populations might be the result of a high level of outbreeding and extensive population mixing at the local scale. The level of genetic differentiation among populations (G ST = 0.373) was much higher than that of most other forest tree species investigated using SSR markers (e.g., MAGUIRE et al., 2002; WANG et al., 2005) , or that of the genus Populus based on isozyme (AGNES and FRANCOIS, 1996) and SSR markers (IMBERT and LEFÈVRE, 2003) , but equal to that detected in P. cathayana based on RAPD markers (LI et al., 1997) .
Considering the strong vegetative reproduction ability of poplars, it is important to avoid sampling the same ramets. Therefore, the individual cuttings sampled from a population should be separated by a distance great enough. However, because of strong agamogenesis of the root and branch, the Populus species can quickly spread after natural or human disturbances, and form clones of the same genotype. Especially in such cases, there is a high risk to collect cuttings belonging to the same clone. In general, clonal propagation may lead to a lower level of genetic diversity within populations and a higher level of genetic differentiation between populations. When planning an appropriate sampling protocol within populations and species, different factors, including biological features, geographical distribution, breeding system and environmental heterogeneity of the species, should be considered. In future population genetic studies on Populus species, which have considerable clonal capacity, distances between within-population samples should be as large as possible, and the total investigation should include populations representing different environmental conditions. The high level of differentiation among populations is usually thought to result from limited gene flow. Since poplars are dioecious, wind-pollinated plants, with light pollen and small cotton-tufted seeds easily dispersed by wind and water, the gene flow is expected to be high. However, in our study the level of gene flow was found to be very low (Nm = 0.414). This can be attributed to large geographical distances and complex terrain with physical obstacles, present in the region of the southeastern part of Qinghai-Tibetan Plateau, which can block gene flow even in a species with generally good dispersal ability. In addition, the variable climatic conditions of the region influence the flower phenology, consequently, limit pollen exchange among the populations.
The great genetic distances detected (mean D = 0.6688) and the results of the cluster analysis show that there is a clear genetic separation among the populations. Generally, the populations from the same region are grouped together and form a cluster. Populations TS and PW, which are located on the brim of the eastern zone of the Qinghai-Tibetan Plateau with a humid monsoon climate, clustered together, and population JZ, originating from the northern part of the Mingshan Mountains with differing ecological and geographic parameters clustered with populations TS and PW. The second group included populations LD and QHY, which are located in the plateau regions of the northeastern Qinghai province and grow under dry and cold plateau climate. Population SHY, which occurs on the southern brim of the Qinghai-Tibetan Plateau, formed a separate cluster. Therefore, genetic relationships among populations are not strictly associated with the geographical location, but they relate also to the climate conditions of the region.
During recent years, population SHY has been considered by some taxonomists to be a new species. The results of the present population genetic study also confirm this idea. We suggest that the population SHY should be regarded as an ecologically divergent species of P. cathayana. and that the allopatric speciation event has been promoted by a low level of gene flow between natural populations of P. cathayana.
